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Statement of Translational Relevance
Preclinical studies indicate that autophagy can be a suppressor mechanism for the initiation of tumorigenesis but a targetable mechanism of cancer cell survival once a tumor becomes established. Translation of these preclinical findings has lead to clinical trials involving the autophagy inhibitor hydroxychloroquine in combination with existing anticancer therapies that may induce autophagy in tumors. To guide the development of autophagy inhibitors for advanced disease and to understand the prognostic significance of high and low levels of autophagy in early disease, robust biomarkers for autophagy need to be developed that can be assessed in commonly available paraffin-embedded tissue. This study reports novel immunohistochemical protocols for LC3 staining that were applied to hundreds of human cancer pathology specimens through the use of clinically annotated tissue microarrays. The results provide comprehensive evidence that autophagy levels are elevated in most human cancers and are associated with aggressive malignancy and poor outcome. High expression of LC3B was found to be prognostic of high nuclear grade, high mitotic rate, metastases and shortened survival. The staining techniques reported here by light microscopy and quantitive immunofluoresence (AQUA analysis) can now be incorporated into prospective and retrospective clinical studies to establish the clinical utility of LC3 as a potential prognostic and predictive marker in multiple cancers. These techniques can also be applied in the future for other emerging autophagy markers. 
INTRODUCTION
Preclinical studies have established autophagy as a therapeutic target in cancer and several clinical trials are underway combining autophagy inhibitors with standard cytotoxic and targeted anticancer therapies (1) . Autophagy is part of a conserved integrated stress response whereby in times of nutrient deprivation, hypoxia and DNA damage, or endoplasmic reticulum stress, a cell's own cytoplasmic components --damaged organelles, misfolded proteins--are engulfed into autophagosomes and degraded following fusion of the autophagosomes with lysosomes to form autophagolysosomes.
Recycling of degraded cellular components from autophagolysosomes provides a source of amino acids, nucleotides, and lipids for ATP production and macromolecular synthesis (2) . Autophagy plays dual roles in cancer. On the one hand it acts as a suppressor of tumor development (3) , and can induce senescence (4) . On the other hand, once a tumor is established, autophagy is a cancer cell survival factor (5, 6) . For example, autophagy can confer resistance to cytotoxic therapeutics (7) (8) . Indeed, malignant cells bearing activating mutations in Ras are autophagy-addicted, requiring active autophagy for survival (9) . Numerous preclinical studies have demonstarted that genetic or pharmacological autophagy inhibition can enhance the antitumor efficacy of variety of anticancer therapies (7) (8) (9) (10) (11) (12) (13) (14) .
While there is growing interest in clinical trials targeting autophagy in cancer therapy, the clinical implications of elevated or suppresssed autophagy at different stages and in different malignancies is as yet unknown. A critical shortcoming in the field is the lack of immunohistochemical tools that can be applied to traditional FFPE tissue. Here, we analyzed autophagy in nearly 1400 tumor specimens from 20 different types of cancer with a major focus on melanoma and breast cancer. As a marker, we used punctate and diffuse staining of a key autophagosomal modulating protein, LC3 (microtubuleassociated protein 1, light chain 3). We employed automated quantitative analyses (AQUA) and direct observer scoring to assess LC3 expression, cellular distribution between punctate and diffuse compartments, and associations with tumor progression.
AQUA is linked to a fluorescent microscope system that detects the expression of Author Manuscript Published OnlineFirst on November 11, 2011; DOI: 10.1158/1078-0432.CCR- biomarker proteins by measuring the intensity of antibody-conjugated fluorophores within a specified subcellular compartment (typically including the nucleus, cytoplasm, and plasma membrane) within the tumor region of each tissue microarray spot. The result is a quantitative score of immunofluorescence intensity for the tumor (15) (16) (17) .
LC3 is first synthesized as pro-LC3 that is cleaved by cysteine protease Atg4B to its cytosolic form, LC3-I. During active autophagy, LC3-I is conjugated to phosphatidylethanolamine where it resides in the lipid membrane of nascent autophagosomes as LC3-II (1). LC3-II migrates separately from LC3-I on gel electrophoresis (18) . LC3-II is localized to the cytosolic and luminal surfaces of mature, double-membraned autophagic vessicles (AV's) and modulates AV growth and cargo recruitment. Some proteins recruited by LC3-II are themselves cargo adaptor proteins (autophagy receptors) and include p62, Nbr1, and NIX (1). During autophagic flux, autophagosomes fuse with lysosomes to form autolysosomes and the contents are rapidly degraded with lysosomal hydrolases. As this proceeds, cytoplasmic surface LC3-II is delipidated to LC3-I and recycled into the cytosol while luminal LC3-II is degraded by hydrolases. Here we used an antibody that was generated against the N-terminus of full length human LC3B sequence to investigate LC3 expression and cellular distribution in FFPE specimens of human cancers by immunohistochemistry and AQUA. In mammals, LC3 is expressed as three isoforms, A, B, and C. We used the B isoform, LC3B, due to its broad tissue specificities and previous use as an autophagosome marker in cancer (19) (20) (21) . By a number of approaches we show herein that LC3B expression is remarkably common in a variety of metastatic human cancers. We chose to investigate the correlation between LC3B staining and lymph node metastases and clinical outcome in melanoma a cancer reported to have high levels of autophagy (22, 23) and breast cancer, a cancer that is commonly referred to as autophagy deficient due monoallelic loss of the autophagy gene beclin (24) . Here we find that LC3B is strongly associated with proliferation, metastasis and at least in breast cancer, worse patient outcome.
MATERIALS AND METHODS
Research. Immunohistochemistry. LC3B (microtuble-associated protein light chain 3, isoform B) was detected using rabbit anti-LC3B polyclonal antibody ab48394 (Abcam, Inc., Santa Cruz, CA) generated versus a synthetic peptide corresponding to an N-terminal portion of the human LC3B protein sequence. The LC3B antibody recognizes human LC3B I and II as confirmed by Western blotting. Ki-67 was detected using mouse anti-human Ki-67 antibody 556026 (BD Biosciences, San Jose, CA). Sections from formalin-fixed, paraffin-embedded tissue were deparaffinized and rehydrated by standard procedures. For direct observer scoring via light microscopy, slides were stained with anti-LC3B (1:500, without citric acid/antigen retrieval) by standard immunoperoxidase techniques using the brown chromogen generated from diaminobenzidine, and counter-stained with hematoxylin.
AQUA (automated quantitative analysis).
Fluorescence-conjugated antibodies were employed as previously described (15) (16) (17) . For detection of LC3B, slides were incubated with anti-LC3B (1:5000, overnight at 4 o C) with no citric acid/antigen retrieval. Similar procedures were used to detect Ki-67 through immunofluorescence except that citric acid antigen retrieval was used prior to staining (22) . The antibodies were visualized using a species-specific horseradish-peroxidase-conjugated secondary antibody (rabbit Envision, Dako) followed by Cy5 tyramide. The LC3B or Ki-67 signals were read within a tumor mask created using mouse-anti-cytokeratin (1:100 AE1/AE3, Dako, Carpinteria, CA) for breast cancer, or a cocktail of anti-S100 (1:100, Biogenex, Fremont CA) and anti- Table S5 ).
RESULTS
Normal Tissues. While autophagy has been long known to be operational in many disease states in addition to malignancies, less is known about autophagy in healthy tissues and cells. Previous studies in primary cutaneous melanomas from our group found that while most if not all invasive melanomas were positive for LC3B, normal epidermal keratinocytes and melanocytes proximal to the tumor as well as dermal fibroblasts and lymphocytes were negative for LC3B staining. On the other hand, melanoma-associated macrophages showed strong expression of LC3B with abundant autophagosomes (22) . In the multitumor array YTMA96, there were also a number of normal tissues included that showed a variety of staining LC3B staining patterns (Supplemental Fig. S1a-f ). Many tissues were negative for LC3B as seen in a section of normal brain tissue (Fig. S1a ).
However renal (Fig. S1b) and pancreatic tissues showed strong LC3B cytoplasmic expression with punctate and diffuse staining in the epithelial lining of tubules and glands. This is consistent with roles for autophagy in the physiology of these organs (25, 26) . Stromal fibroblasts and tumor-infiltrating lymphocytes were LCB3-negative ( Fig.   S1c-e) , while tumor-associated macrophages were strongly positive with punctate and diffuse staining recently reported (Fig S1e,f) (22) . Thus at least in some cases LC3B expression alone cannot be used to distinguish between normal and malignant tissues, however to avoid this problem tumor-specific antibody masks were used in the breast carcinoma and melanoma AQUA analyses herein (Methods).
Multitumor microarray YTMA96. The multitumor microarray YTMA96, containing invasive or metastatic specimens from 20 different types of human cancers was stained with the anti-LC3B antibody and scored for staining intensity by two independent observers (Methods). Staining generally, but not always, approached homogeneity in the sections. Examples of different cases with strong and weak LC3B staining are shown (Fig. 1) . For all tumors, 84 + 11% (245/292) showed moderate to strong LC3B staining with a range between the different tumor types from 60% to 97% (Supplemental Table   S1 ). The brown LC3B staining was localized predominantly to the cytoplasm while nuclei stained blue from the hematoxylin counterstain. Cases with moderate to strong staining intensities showed prominent punctate patterns while those with weak intensities showed mostly diffuse patterns. Although the tumors were from different tissues of origin, the staining patterns were similar.
LC3B cytoplasmic distribution.
Since punctate LC3B staining is a marker for autophagosomes and a potential sign of active autophagy (though not a proof in itself), one of us (RC) devised an AQUA program to quantitate the amounts of LC3B in the punctate and diffuse compartments of the cytoplasm by combining the parameters of flourescence-conjugated LC3B emission intensity and percent cytoplasmic area (Methods). We assessed this in melanoma and breast carcinoma small TMAs using the appropriate masks to assure staining of tumor cells (Methods). For validation of the program we compared the actual LC3B immunofluoresence patterns to those generated by the algorithm (punctate staining, yellow; diffuse staining, blue) (Fig. 2) . Shown is a high LC3B-expressing breast carcinoma ( Fig. 2A,B ) compared to and a low-expressing one (Fig. 2C,D) We thus used the algorithms above to perform quantitative analyses of LC3B distribution in the same 40-case TMAs of melanoma and breast carcinoma (Fig. 3) . For both cancers, LC3B total cellular expression/intensity levels varied widely between different tumors (punctate + diffuse; AQUA score). However, when the tumors were ordered from low to high total LC3B intensity, the percent area occupied by the punctate compartment was 3-5 fold higher in tumors with the highest vs lowest total expression levels, occupying 25-30% of the cytoplasm at the highest and 5-10% at the lowest (p = < 0.0001 for both cancers) (Fig. 3A and B) . Interestingly, as the percent area occupied by punctate LC3B increased, there was a concommittent reduction in the intensity of LC3B fluorescence intensity in the punctate compartment versus the diffuse compartment ( Fig. 3C and D) .
For melanoma (Fig. 3C) , the intensity of LC3B fluoresence in punctate compartment (but not the percent area) was reduced by ~60% in tumors with the highest compared to lowest total LC3B expression levels (p = < 0.0001). For breast carcinoma (Fig. 3D ) the punctate LC3B content was reduced by ~20%, although statistical significance for the breast TMA was not reached (p = 0.1218). These results indicate that high total LC3B expression is associated with increased punctate LC3B area. As discussed below, this is apparently due to a higher total number of autophagosomes per cell but with diminished LC3 concentrations, consistent with active LC3 processing during autophagosomelysosome fusion.
Breast cancer microarray YTMA49. Using AQUA, we examined LC3B expression in primary breast carcinomas from patients with or without lymph node metastases in microarray YTMA49. Primary tumors with associated lymph node involvement showed higher LC3B expression than those without (p < 0.0001) (Fig. 4A) . Further, breast cancers with highest LC3B expression also showed highest Ki-67 expression, a widelyused marker for cell proliferation and tumor aggressiveness (r = 0.631; p < 0.0001) (Fig.   5A ) (17) . The correlation between LC3B and Ki-67 was significant in all breast cancer subtypes except HER2/neu positive tumors (Table S5 ). High LC3B expression was also Negative (n = 107) did not reach significance in this regard (Fig 6C-D, Fig   S2) . LC3B was significantly higher in larger tumors (p = 0.0117) and in tumors from women < 50 years vs > 50 years (p = 0.0001). It was significantly lower in estrogen and progesterone positive tumors (p = 0.0009 and p = 0.0043, respectively) (Table S2 ).
LC3B expression was highest in the HER2/neu-positive subtype, followed by the triple negative, luminal B and luminal A subtypes (p = 0.0021) (Table S2) .
Melanoma microarray YTMA20. Melanoma microarray YTMA20 was designed for
AQUA analyses and consisted of primary tumors (n = 131), and unmatched lymph node, visceral and sub-cutaneous metastases (n = 250). LC3B expression was significantly higher in metastases compared to primary tumors (p < 0.0001) ( Figure 4B ). This was true for all metastatic locations and there were no correlations with specific sites (Supplemental Table S4 ). As with the breast cancer microarray YMTA49, there was a strong correlation between LC3B and Ki-67 epression in melanoma YTMA20 (r = 0.694; p < 0.0001) (Fig 4B) . In primary melanomas there was a weak but significant correlation of LC3B expression with Breslow depth (p = 0.0479) but not with Clark Level (p = 0.1066), although Clark Level trended in that fashion. LC3B staining intensities were highest in patients > 60 years (p = 0.0085). There were no specific associations with the density of tumor infiltrating lymphocytes, the presence of ulceration, or gender (Supplemental Table S4 ). There are no data for this TMA regarding nuclear grade or patient outcome. Mitotic figures. In a survey of 289 tumor sections on microarray YTMA96, 91 contained one or more mitotic figures. Of these, we had previously scored 89/91 as having moderate to strong LC3B expression levels, while only 2/91 were scored as LC3B negative to weak. Based on random distribution, the expected number of mitotic figures would have been 15/91 since 17% of the tumors in the YTMA96 arrays were LC3B-weak to negative. Thus, the distribution of mitoses was skewed toward moderate to high LC3B-expression (p < 0.002) (Supplemental data- Table S6 ), consistent with the findings on Ki-67 levels in melanoma and breast cancer above (cf Fig 4) . Examples are shown of mitotic figures in close proximity to LC3B-positive punctate structures, presumably autophagosomes, in a melanoma (Fig. 4B ) and invasive breast carcinoma (Fig. 4D) .
Lower magnification photos of mitotic figures associated with LC3B punctate staining are also seen in Fig. 1 .
DISCUSSION
From analyses of 1359 tissue specimens from breast carcinoma, melanoma and, on a smaller scale 18 other cancers, LC3B expression was remarkably common regardless of tissue origin. LC3B expression encompassed both the punctate and diffuse compartments of the cytoplasm but not the nucleus. A novel AQUA-based quantitive imaging technique for LC3B staining determined that tumors with high LC3B expression contain more LC3B-postive vesicles, but within these vesicles the intensity of LC3B staining is diminshed compared to that in tumors which have fewer LC3B-positive vesicles. We suggest that the results are consistent with a model in which higher total (punctate + diffuse) LC3B expression levels reflect increased autophagic flux with accelerated AVlysosome fusion and production of autolysosomes. This would result in decreased LC3B content in the punctate compartment due to increased LC3B-II degradation by lysosomal hydrolases as well as delipidation with release into the cytosol. The results do not seem to be consistent with a block in autophagic flux prior to AV-lysosome fusion, as such a block would likely result in increased rather than decreased LC3B in the punctate compartment. However, since we could not measure the dynamics of these processes in the fixed tissues, further studies are necessary to address this model. 
These results are consistent with emerging evidence that while autophagy can suppress the initiation and development of early tumors, it plays a pro-survival role once cancer cells gain metastatic competence (1, 9, 24) . Evidence for autophagy serving as a tumor suppressor mechanism was first seen in a mouse model of monoallelic loss of the autophagy gene beclin 1, in which an increased development of spontaneous tumors and elevated rates of tumor proliferation were observed in vivo (3). In humans, 40-75% of carcinomas of the breast, ovary and prostate showed monoallelic deletions of beclin 1 (24) . Thus, these findings and those of others demonstrate a role for autophagy as a suppressor of tumor initiation and development. On the other hand, a large volume of literature has emerged demonstrating that once malignancies have become established they rely heavily on autophagy for survival. One explanation for this paradox is that the retained allele of beclin, even in tumors which are haploinsufficient for this gene, is always wild type. Therefore when necessary, autophagy can be induced to high levels as a response to environmental stress even in tumors with "autophagy deficient"
phenotypes. Support for a survival role for autophagy came early from mouse models of cancer therapy. Experiments involving AKT-driven tumors expressing GFP-LC3 demonstarted that autophagy was critical for survival of cancer cells within the center of growing tumors (27) . Preclinical therapeutic models found that antitumor therapy including chemotherapy and targeted therapies induce autophagy in vivo (7, (10) (11) (12) (13) , and that blockade of therapy-induced autophagy can augment the efficacy of a variety of cancer therapies. More recently, reports that autophagy promotes survival and aggressiveness of metastatic melanoma (23) and pancreatic cancer (28) Regardless of tissue origin, a large majority of solid tumors contain autophagosomes as assessed by LC3B punctate staining and, in the case of melanoma (22) and colorectal cancer (29) by electron microscopy. Punctate LC3B was associated with tumor cell proliferation, metastasis, high nuclear grade and worse patient outcome. Taken together, it seems most likely that these results, along with those of others, reflect widespread, active autophagy in malignant tumors as a pro-survival mechanism for cancer cells.
There are several potential therapeutic implications to these findings. LC3 staining could be a prognostic marker in many human cancers and could be incorporated into clinical trials of drugs that are known to induce autophagy, or inhibit autophagy. The surprisingly common occurrence of autophagosomes in malignancies points to a key role for autophagy in tumor progression and thus presents a common pathway of therapeutic vulnerability in human malignancies.
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